The reversibility of the NAD+ kinase reaction was established, and the kinetic parameters of the rate equation in the reverse direction were determined. The equilibrium constant of the reaction was determined by using the purified pigeon liver enzyme and radioactively labelled nicotinamide nucleotides. The relationship between kinetic parameters of the forward and reverse reactions is in reasonable agreement with the measured equilibrium constant. As expected from the proposed mechanism of action, the enzyme does not catalyse isotope exchange between NAD+ and NADP+ in the absence of ADP and ATP. Although homogeneous as judged by polyacrylamide-gel electrophoresis, the enzyme preparation exhibits ADP/ATP isotope-exchange activity which could not be separated from NAD+ kinase activity, but kinetic evidence suggests that this is probably due to a contaminant.
The reversibility of the NAD+ kinase reaction was established, and the kinetic parameters of the rate equation in the reverse direction were determined. The equilibrium constant of the reaction was determined by using the purified pigeon liver enzyme and radioactively labelled nicotinamide nucleotides. The relationship between kinetic parameters of the forward and reverse reactions is in reasonable agreement with the measured equilibrium constant. As expected from the proposed mechanism of action, the enzyme does not catalyse isotope exchange between NAD+ and NADP+ in the absence of ADP and ATP. Although homogeneous as judged by polyacrylamide-gel electrophoresis, the enzyme preparation exhibits ADP/ATP isotope-exchange activity which could not be separated from NAD+ kinase activity, but kinetic evidence suggests that this is probably due to a contaminant.
Steady-state kinetic studies with purified pigeon liver NAD+ kinase (EC 2.7.1.23) suggested (Apps, 1968 (Apps, , 1969 (Apps, , 1971 ) that the enzyme acts by a randomaddition rapid-equilibrium mechanism in the forward direction of the reaction: NAD++MgATP2-= NADP+ + MgADP-+ H+ (1) In such a mechanism either substrate can bind to the free enzyme, the resultant binary complex then binding the second substrate to form a ternary complex. Since the rate-limiting step of the reaction appears to occur after formation of the ternary complex, there is a binding equilibrium between each substrate and its complexes with the enzyme; thus for each substrate the kinetic constant Km equals K,, the dissociation constant of the enzyme-substrate complex. In NAD+ kinase the two types of substratebinding site are independent, so that the apparent Km for each substrate is independent of the concentration of the other.
However, deviations from this ideal behaviour were found to occur at very low concentrations of NAD+, suggesting that this mechanism does not necessarily apply under these conditions (Apps, 1975) , and prompting investigation of the mechanism by other means.
The study of isotope exchange between pairs of substrates at equilibrium can provide valuable confirmatory evidence for such a mechanism (Cleland, 1970) . If NAD+ kinase obeys the above mechanism, there should be no isotope exchange between NAD+ and NADP+, in the absence of ADP and ATP, nor exchange between ADP and ATP, in the absence of NAD+ and NADP+. Since all exchanges have a common rate-limiting step, they should have the same maximum velocity, and since the binding order is random, high substrate inhibition should not be apparent.
Before such studies could be performed it was necessary to investigate the kinetics of the reaction in the reverse direction, and to determine the equilibrium constant of the reaction. These results are reported in the present paper, but it was not possible to investigate the mechanism further because the NAD+ kinase preparation was found to catalyse ADP/ATP exchange in the absence of NAD+ and NADP+. Although the enzyme appeared homogeneous by polyacrylamide-gel electrophoresis, and although this activity could not be separated from NAD+ kinase, its kinetic properties suggested that it must be due to a contaminant. Materials and Methods Reagents NAD+, NADP+, NADH, NADPH, ADP, ATP, CTP, GTP, 2'-deoxy-GTP, ITP, UTP, phosphoenolpyruvate, 3-phosphoglyceric acid, alcohol dehydrogenase, glyceraldehyde 3-phosphate dehydrogenase, glucose 6-phosphate dehydrogenase, lactate dehydrogenase, adenylate kinase, 3-phosphoglycerate kinase and pyruvate kinase were supplied by Boehringer Corp. (London) Ltd., London W5 2TZ, U.K.
For kinetic experiments NADP+ was purified by chromatography on DEAE-cellulose, eluted with a linear gradient of KCl (Dalziel & Dickinson, 1966 NAD+ kinase was purified from pigeon liver as described elsewhere (Apps, 1968 (Apps, , 1975 and showed a single band on polyacrylamide-gel electrophoresis (Apps, 1975 (Glynn & Chappell, 1964) , and purified on a column (3.0cmx0.5cm2) of Dowex 1 (X8; 400 mesh).
Nucleotide separations
Separation of nucleotides was performed by ascending chromatography on strips (3 cm x 22cm) of DEAE-cellulose paper The sample (10ju1) was applied in a streak parallel to, and 3 cm from, the end of the strip; after chromatography and oven-drying, the strip was cut into pieces (1 cm x 3cm), each of which was counted for radioactivity in 4ml of toluene-based scintillator, containing 0.5% (w/v) 2,5-diphenyloxazole (PPO) and 0.03% 1 ,4-bis-(5-phenyloxazol-2-yl)benzene (POPOP).
Assays
NAD+ kinase was assayed in the direction of NADP+ synthesis as described elsewhere (Apps, 1968 (Apps, , 1975 (Post & Sen, 1967) and counted for radioactivity in toluene-based volume of 100ul. After incubation at 300C the reaction was stopped by applying a 10u1 sample to DEAE-cellulose paper for separation and radioactivity counting of the adenine nucleotides. Kinetic studies of ADP/ATP exchange were made in a similar system, various components of the mixture being varied or replaced.
[14C]NAD+/NADP+ exchange was measured in l mM-NAD+/l mM-NADP+/IOmM-MgCI2/0.1 Mtriethanolamine chloride, pH 7.0, containing 0.2,uCi of [14C]NAD+ in a total volume of lOO,ul, at 30°C.
Determinations ofbinding constants
The association constant for complex-formation between NADP+ and Mg2+ was determined at 30°C, at I 0.1 and various pH values, by the resin competition method of Schubert (1952) , with DEAESephadex A-25. The details of this procedure have been published elsewhere (Apps, 1973) .
The acid dissociation constant of NADP+ was determined by titration of a 2mM solution in 0.1 MNaCl at room temperature (22°C), by using a Vibret 46A pH-meter (Electronic Instruments, Richmond, Surrey, U.K.) coupled to a Unicam AR-25 chart recorder, and a Gilson peristaltic pump to deliver acid or alkali.
Determination ofthe equilibrium constant ofthe NAD+ kinase reaction
The concentrations ofreactants at equilibrium were determined after approach to equilibrium from either NAD+ and ATP, or NADP+ and ADP. The reactants at the start of these experiments were 1 mM-NAD+, 2mM-ATP, lOmM-MgCI2 and 2.4piCi of ["C]NAD+/ ml or 1 mM-NADP+, 5 mM-ADP, 0.5 mM-ATP, 10mM-MgCl2 and 1.OuCi of [14C]NADP+/ml respectively.
In each case the buffer was 0.1 M-sodium cacodylate, pH 6.1, containing 0.01 % NaN3. I was initially 0.1, and the volume 250,u1.
The mixtures were brought to equilibrium at 30°C by addition of0.1 unit ofNAD+ kinase. After various times the ratio of NAD+ to NADP+ was determined chromatographically, and ATP, ADP and AMP were measured by enzymic assays (Jaworek et al., 1975 (Jaworek et al., , pp. 2097 (Jaworek et al., -2101 (Jaworek et al., , 2127 (Jaworek et al., -2131 evidence has been presented that NAD+ (rather than, say, NAD+Mg) and MgATP2-(rather than ATP4-) are substrates for the forward reaction (Apps, 1968; Apps & Marsh, 1972) [NADP+] (mm) Fig. 1 However, inclusion of adenylate kinase in the equilibrium mixture, which converted some of the adenine nucleotides into AMP but decreased the net ATPase flux, had no effect on Keq., and Keq. was not altered by doubling the amount of NAD+ kinase added.
The values of Keq. obtained are given in Table 3 .
Isotope exchange
The original purpose of determining the equilibrium constant was as a necessary preliminary to studying isotope exchange at equilibrium. Isotope exchange between the substrate pairs NAD+/NADP+ and ADP/ATP was first investigated in the absence of other substrates. No significant NAD+/NADP+ exchange was found, but there was a rapid equilibration of 14C between ADP and ATP. Since the purification procedure did not include an exclusionchromatography step, a sample of the purified enzyme was passed through an Ultrogel AcA34 column at 6°C. NAD+ kinase activity was eluted at 1.83 x void volume, but most of the ADP/ATPexchange and ATPase activities were eluted in parallel withit (Fig. 2) . Suchcontaminantsasadenylate kinase (EC 2.7.4.3) and nucleoside diphosphate kinase (EC 2.7.4.6) should have been removed by this procedure, and no adenylate kinase activity was detectable, but a number of experiments suggest that the ADP/ATP exchange activity was due to a contaminant, rather than NAD+ kinase itself. (1) The exchange activity measured under the standard conditions (see the Materials and Methods section) was inhibited by only 11 % by2.0mM-NAD+, 6% by 2.OmM-NADP+, and not at all by 2.0mM-NADH or -NADPH.
(2) The nucleoside triphosphate specificity differed from that of NAD+ kinase, as shown in Table 4 .
(3) Thermal denaturation, in 0.1 M-Mops/NaOH buffer, pH7.0 at 71°C, caused destruction of both NAD+ kinase and ATP/ADP-exchange activity, with a first-order rate constant of 2.85x 10-3+0.11 x 10-3min-' (four experiments); 5mM-NAD+ afforded considerable protection to NAD+ kinase, decreasing the rate constant of inactivation to 0.57 x 10-3±0.04 x 10-3min-' (four experiments), but had no effect on the rate of inactivation of ATP/ADP-exchange activity.
(4) The Km for MgADP-, with saturating (20mM) MgATP2-, was 0.33 mM, with substrate inhibition apparent above 0.5mM; the K. of NAD+ kinase for Vol. 167 (4) suggests that the postulated randomaddition rapid-equilibrium mechanism probably applies under the conditions of these experiments, despite the kinetic discrepancies noted elsewhere (Apps, 1975) , and deviations of the reverse reaction from Michaelis-Menten behaviour were not found with NADP+ varied over the range 0.02-2.0mM. The catalysis of ADP/ATP exchange by the NAD+ kinase preparation was an unexpected finding, but it is likely that this is due to contamination by small amounts of an enzyme with a high molecular activity; that of NAD+ kinase is very low (Apps, 1975) . It is clear that the NAD+ kinase reaction cannot proceed by a substitution mechanism involving a free phosphorylated form of the enzyme, since no NAD+/ NADP+ exchange was detected; this does not exclude the possibility of transfer of the y-phosphoryl group of ATP to the protein, within a ternary complex. The association of ADP/ATP-exchange activity with NAD+ kinase makes the study of isotope exchange at equilibrium unprofitable, unless it can be separated from the NAD+ kinase activity. NAD+ kinase purified by affinity chromatography on immobilized Cibacron Blue F3GA (Apps & Gleed, 1976) has similar ADP/ATP-exchange and ATPase activities to the conventionally purified enzyme.
Purified NAD+ kinase of Azotobacter vinelandii also catalyses ADP/ATP exchange (Orringer & Chung, 1971 ), which appears to reflect a genuine substitution mechanism for this enzyme, since the initial-velocity pattern is consistent with this mechanism, and the exchange is strongly inhibited by NAD+.
